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General Audience Abstract
A row of tail vertebrae from the long-necked dinosaur Apatosaurus was discovered from
within Dinosaur National Monument in 1985. Buried within the tail vertebrae were three teeth
from carnivorous dinosaurs. Two of the teeth were identified from Allosaurus and the third was
from a carnivore with a distinctive nasal crest called Ceratosaurus. This study sought to
determine how the Apatosaurus bones and carnivore teeth became associated, and to decipher the
probable cause of the long-necked herbivore’s death. The bones and teeth were shown to have
been preserved in a river channel deposit, but were unlikely to have been transported any great
distance before burial. Dinosaur National Monument was likely prone to drought conditions
during the Late Jurassic, and the Apatosaurus would have likely died as a result of the adverse
conditions combined with its possible old age. The results of this study imply that the teeth were
present among the Apatosaurus bones as a result of scavenging. The three teeth were shed during
feeding, as they lack roots. The skull and body lengths of these individual carnivorous dinosaurs
were estimated using mathematical formulas determined from skull and skeletal measurements
of known specimens in museums. Based on the size of the Allosaurus teeth, these scavenging
dinosaurs had an average skull length of about 80 cm and body length of 7 meters, while the
Ceratosaurus tooth indicated a very large carnivorous dinosaur with an average skull length of
about 1 meter and a body length of about 8.7 meters.

Abstract
An Apatosaurus sp. locality from Dinosaur National Monument designated DNM-15 was
excavated in 1985, and associated with two Allosaurus teeth and one Ceratosaurus tooth that
were near one of the caudal vertebrae. The Ceratosaurus tooth was buried between an overlying
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rib and that same caudal vertebra. The caudal vertebrae of the DNM-15 Apatosaurus were intact
and articulated, but the anterior skeleton was mostly absent, with a row of articulated sacral
vertebrae in close association with a femur. Two other Allosaurus teeth were reported near the
preserved ilium of the Apatosaurus, but they could not be located in the collections.
Field observations of the locality reveal the site to be on a similar stratigraphic level to the
Carnegie Quarry. Sandstone and conglomerate deposits at the locality imply that the area was
part of a braided channel system similar to the one observed in the Carnegie Quarry, albeit a fine
to coarse-grained alluvial deposit rather than a coarser-grained riverbed deposit. Thin section
data of the locality matrix of a sample collected from the site reveals the rock to be litharenite,
with the high quantities of quartz, chert, and lithics providing evidence of excess clastic sediment
input from a regional uplifted topography, likely to the west associated with the initiation of the
Sevier Orogeny. Taphonomy and paleohydrology data from the Carnegie Quarry shows that the
fluvial process would have had a high enough flow velocity during flooding events to transport
both bones and teeth, although neither would have travelled especially far. Most individual
sauropods at Dinosaur National Monument are at least partially articulated, including the one
from DNM-15. These factors, combined with the many carnivorous dinosaur teeth buried
between the Apatosaurus bones at site DNM-15, imply that the association between the vertebrae
and teeth is likely due to active scavenging on the carcass before burial rather than allogenic
fluvial transport.
Skull and body length data from four allosauroids were used to set up a series of regression
plots whose equations were used to extrapolate estimated skull and body lengths from the
recovered teeth from the site. The calculations of the DNM-15 Allosaurus teeth yielded an
average skull length of just fewer than 80 cm and a body length of about 7 meters for both teeth,
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implying that both Allosaurus teeth from DNM-15 were shed from the same individual or that
they were each shed separately by two similarly sized individuals. The Ceratosaurus size
estimation process used a similar data analysis method as the one used for Allosaurus, though
four Ceratosaurus specimens were used for this regression data set instead. The calculations for
the DNM-15 Ceratosaurus tooth show skull length results averaging out to about a meter long,
while the average of the body length values was shown to be approximately 8.7 meters long. The
Allosaurus from DNM-15 was of average size, but the calculations for the DNM-15
Ceratosaurus suggest that it could potentially be the largest member of this taxon on record.

1. Introduction
At the Utah Field House Museum of Natural History in Vernal, Utah, there is a row of caudal
vertebrae from an Apatosaurus that was collected from Dinosaur National Monument within
Northeast Utah (Fig 1). Buried between two caudal vertebrae and one of the ribs of this sauropod
were three isolated teeth from large carnivorous theropod dinosaurs. The teeth were on top of the
upward facing right side of the Apatosaurus caudal vertebrae. Two of these teeth had moderate
serrations and robust basal cross sections that identified them as Allosaurus teeth, while the third
tooth was mediolaterally compressed and had a tall crown with fine serrations that was a
diagnostic feature of Ceratosaurus (Fig 2). These fossils were all discovered in a locality
identified as DNM-15. This site was found in 1985 within the bounds of Dinosaur National
Monument. In addition to the fossil material described above, this locality contained several
more elements of the skeleton. Altogether, the Apatosaurus sp. from DNM-15 comprised ribs, a
pelvis with articulated sacral vertebrae, a femur, and articulated caudal vertebrae. Understanding
the animals of DNM-15 and the rocks that preserved them will play a contributing role in
reconstructing the life histories and behaviors of these extinct animals. This locality has the
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potential to be a compelling case study in the taphonomy and paleoecology of Late Jurassic
North America.

2. Purpose of Study
This study will examine the taphonomy of site DNM-15 and interpret how the theropod teeth
became associated with the sauropod skeleton. The main hypothesis tested is that the teeth were
shed by various carnivores during scavenging. This research also explores different possibilities
as to how the Apatosaurus itself died, and how it became buried. The geology and especially the
sedimentology of the surrounding rock are examined in close detail to learn more about the
environmental conditions that may or may not have played a role in the death of the
Apatosaurus.
Another major goal of this study is to examine the theropod teeth themselves in more detail.
The isolated teeth are compared to more complete remains of both Allosaurus and Ceratosaurus
in order to obtain body size estimates. These body size estimates could help shed additional light
on the paleoecology of the Morrison Formation. If the isolated teeth from locality DNM-15 were
a result of scavenging, then this study could provide clues as to what carnivorous genera would
feed upon large sauropods and at what sizes they would do so.
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3. Materials and Methods
3.1 Taphonomy Analysis Methods
In order to answer the questions presented during this study, data was collected from a variety
of sources both in the field and in several museum collections. For the taphonomy data, the local
geology and stratigraphy of locality DNM-15 was examined in detail and documented. Its
stratigraphic position relative to the Carnegie Quarry was examined, and the original dig site
itself was examined for signs of any other fossil material that could provide additional clues on
the environment of deposition. Two thin sections, designated as “Slide I” and “Slide II”, were
made from a block of lithified sediment matrix right next to one of the Apatosaurus caudal
vertebrae. Microscopic analysis of these thin sections provides a sedimentary petrographic
analysis of the site’s depositional environment.
For the petrographic analysis, grains were counted between the two slides, with sample counts
of 100 each. These grain counts were then plotted on a Folk classification chart. The slides were
also examined for potential fossil content that could make useful indicators of environment of
deposition. These thin sections provided a closer look at the mineral/ lithological composition of
the sediment matrix and other useful microscopic data in helping to interpret the geologic history
of DNM-15.
3.2 Theropod Size Estimation Methods
Cranial and tooth material from both Allosaurus and Ceratosaurus were examined in several
fossil collections such as The Dinosaur Journey Museum of the Museums of Western Colorado
in Fruita, Colorado (MWC), the North American Museum of Ancient Life at Lehi, Utah (TPI),
the Natural History Museum of Utah in Salt Lake City (UMNH), and Dinosaur National
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Monument (DINO). For Allosaurus, two complete skulls from Dinosaur National Monument,
DINO 2560 and DINO 11541, were measured. For Ceratosaurus, skull elements, full body
skeletal reconstructions, and teeth from MWC Fruita (MWC 1), UMNH Salt Lake City (UMNH
VP 5278), and TPI Lehi (TPI 1010) were measured. The theropods examined came in a range of
sizes so a size regression analysis chart could be made.
Estimating the skull and body sizes of the recovered theropod teeth was a multifaceted
approach. After the theropod cranial and tooth data was collected, these elements were plotted on
regression analysis graphs. The resulting equations from these graphs were then used to
extrapolate a range of potential size values for the shed teeth based on tooth dimension data.
With the help of the cranial elements and tooth measurements, an estimate of the body size of the
DNM-15 theropods could be extrapolated. For the purposes of the size estimation studies, the
larger Allosaurus tooth was referred to as DNM-15 Allo1, the smaller Allosaurus tooth was
labelled DNM-15 Allo2, and the Ceratosaurus tooth was called DNM-15 Cerato.
3.2.1

Allosaurus Size Estimation

To make skull and body length regression graphs for Allosaurus, the following specimens
were used: the Allosaurus jimmadseni holotype DINO 11541 from the Salt Wash Member and
specimen DINO 2560 Allosaurus fragilis from the Brushy Basin Member in the Carnegie Quarry
(Fig 3). Both of these specimens are at least partially complete, to the point that skeletal
reconstructions could be used in this data series (Fig 4). Numerous Cleveland-Lloyd Allosaurus
cranial specimens were also measured, but they all proved to be far too fragmentary to derive
skull or body size data. Tooth dimensions were taken from all available teeth of these specimens
and included crown height (distance from the base to the tip of the apex), basal crown length
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(distance from the mesial to distal margin along the base), and basal crown width (maximum
distance from the labial to lingual sides along the base). All measurements were taken using a
caliper for all intact teeth along the tooth row.
In order to supplement the regression data charts, size data of multiple theropod genera
compiled by D’Amore and Blumenschine (2011) were used. D’Amore and Blumenschine (2011)
made a series of body size regressions based on factors such as tooth size dimensions and
number of denticles per 5mm from numerous theropods. The regressions of these genera were
used to predict body size in theropods as a whole.
After personally consulting with Domenic D’Amore, it was decided that the best
methodology to use for the shed Allosaurus teeth would be to narrow down the genera list to
ones that had similar tooth morphology/ proportions and were relatively closely related.
Baryonyx and Tyrannosaurus were the first to be omitted due to their unique tooth morphology.
Spinosaurids such as Baryonyx had elongated, conical teeth and Tyrannosaurus had thick and
curved teeth shaped more like bananas. This study required theropods that had elongated and
laterally-compressed teeth that were morphologically and functionally similar to those of
Allosaurus. This narrowed the theropod list down to the allosauroids Acrocranthosaurus and
Carcharodontosaurus.
3.2.1.1 DNM-15 Allo 1
Allosaurus displays a degree of heterodonty, and tooth measurements will vary for a single
individual based on the tooth sampled. DNM-15 Allo 1 exhibits an elongated, slightly curved
morphology found in teeth along the central region of the tooth row. Therefore three pairs of
regression charts were made, based on tooth positions from the other allosauroid specimens with
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similar morphologies (Fig 5). Each of these plotted skull/ body length on the x-axis and the tooth
dimensions on the y-axis. Each graph plotted 2 regression series, one being tooth basal crown
length vs. skull/ body length, and the other being crown height vs. skull/ body length (basal
crown width was unavailable for DINO 11541). The natural logs of all measurements were taken
before being plotted on the regression graphs. The graphs plotted teeth from maxillary tooth
position 6 (M6) (Fig 6 and 7), maxillary position 8 (M8) (Fig 8 and 9), and maxillary position 3
(M3) (Fig 10 and 11). It should be noted that, though a tooth from position 2 was used from
DINO 2560, as this specimen was missing M3. After the graphs were made, the natural log of
the DNM-15 Allo 1 tooth was taken and then plugged into all of the equations obtained from the
regressions to extrapolate skull and body size.
3.2.1.2 DNM-15 Allo 2
The procedure for the second, smaller Allosaurus tooth was much the same as the first one.
The only difference here is that graphs were made using teeth that were shorter and more
strongly curved just as DNM-15 Allo 2 is (Fig 12). Only two pairs of graphs were made this
time. The same positions were used for the Allosaurus specimens, but more mesial positions
were used for Acrocanthosaurus. The reasoning behind the choices of teeth from
Acrocanthosaurus is that previous attempts to plot Acrocanthosaurus teeth from positions 12 and
14 inflated the size calculations to excessively large values. This is likely due to the posterior
maxillary teeth of Acrocanthosaurus exhibiting an abrupt decrease in size. No
Caracarodontosaurus teeth were used as most of its posterior teeth were absent. The first pair of
skull/ body length graphs plotted teeth from maxillary tooth position 12 (M12) for both
Allosaurus, and position 9 (M9) for Acrocanthosaurus (Fig 13 and 14). This process was
repeated for teeth from maxillary position 14 (M14) for both Allosaurus and position 11 (M11)
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for the Acrocanthosaurus (Fig 15 and 16). The reasoning behind the choices of teeth from
Acrocanthosaurus is that previous attempts to plot Acrocanthosaurus teeth from positions 12 and
14 inflated the size calculations to excessively large values. This is likely due to the posterior
maxillary teeth of Acrocanthosaurus exhibiting an abrupt decrease in size. Teeth from positions
9 and 11 were more proportionally equivalent to the other Allosaurus teeth, and yielded far more
reasonable results. Once the natural log of the DNM-15 Allo 2 tooth was taken, it was used in the
recovered equations obtained from the regressions.
3.2.2

Ceratosaurus Size Estimation

For the Ceratosaurus skull and body regression graphs, the following specimens were used:
the Ceratosaurus dentisulcatus specimen UMNHVP 5278 from the Natural History Museum of
Utah, juvenile Ceratosaurus nasicornis specimen TPI 1010 from the North American Museum
of Ancient Life, the Ceratosaurus magnicornis specimen MWC 1 from the Dinosaur Journey
Museum, Museums of Western Colorado, and the Ceratosaurus nasicornis holotype USNM
4735 (Fig 17 and 18). The latter two specimens were skull casts, with the holotype cast being
stored at the Utah Field House of Natural History State Park Museum in the DINO specimen
collections (Fig 18). UMNHVP 5278 and TPI 1010 were both based on accessible partial
skeletons that had associated skeletal cast mounts (Fig 19). The body lengths for the data sets
were based on these mounts. The estimated body length for the USNM 4735 holotype was taken
from a study by Gilmore (1920). The body length for the MWC 1 specimen was calculated by
plugging the measured skull length into a body length estimation equation from a study by
Therrien and Henderson (2007).
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3.2.2.1 DNM-15 Cerato
The size estimation procedure for the Ceratosaurus tooth was similar to the one for both
Allosaurus teeth. Ceratosaurus tooth morphology was much less uniform, so it was relatively
easy to narrow the selection down to two maxillary tooth positions; maxillary position 3 (M3)
and position 8 (M8), with dentary position 7 (D7) from TPI 1010 serving as a substitute for M8.
(Fig 20). As before, two pairs of skull/ body length regression graphs were made, one pair for
M3 and the other for M8/D7 (Fig 21-24). This time, all graphs were able to incorporate basal
crown width regressions as well, since the basal crown widths of most Ceratosaurus teeth were
obtainable this time. The natural log of the DNM-15 Cerato tooth was taken and plugged into all
of the equations obtained from the regressions to obtain a range of potential skull/ body size
dimensions.

4. Geologic/ Regional Setting
4.1 Paleoclimatology of the Morrison Formation
The Upper Jurassic-age Morrison Formation preserves an ecosystem from the OxfordinanKimmeridgian boundary to early Tithonian ages (~157 to 150 mya; Trujillo and Kowallis, 2015)
in the western United States. The deposition of these sediments occurred within a wide basin
following the retreat of the Curtis seaway toward the north. One of the factors influencing the
climate of the Morrison was high-pressure atmospheric cells from the relative close proximity of
the ocean, which contributed to a highly seasonal climate with distinct wet and dry seasons
(Tanner 1965). The Morrison Formation also exhibits climatic variation within its outcrops.
Environmental conditions during the deposition of the Morrison Formation were drier with taller
trees that were more widely spaced apart and less low-lying vegetation to the west, while denser
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forests and higher quantities of low-lying vegetation were more common in the wetter regions to
the east (Noto & Grossman 2010). The region at this time appeared to be on an arid to temperate
gradient going from south to north, and had an east to west precipitation/ drainage gradient (Noto
& Grossman 2010; Turner and Peterson 2004). The Late Jurassic was much warmer than today,
and lack of tillite glacial deposits suggest that there was little to no polar ice (Hallam 1994).
The rocks of the Morrison Formation contain a variety of evidence that point towards a
climate with seasonal periods of drought that was nevertheless, capable of supporting even the
largest of land organisms. Calcretes and oxidized sediments are common within the Morrison,
and imply that regional precipitation would have fluctuated (Dodson et al. 1980). Evaporites that
were similar to those observed in lower latitudes have also frequently been found near dinosaurrich deposits, and lend credence to the idea that the conditions during the deposition of the
Morrison Formation could get very warm and dry (Rees et al. 2004). Conversely, paleosol data
from floodplain and lake-margin deposits at this time suggests that groundwater fluctuated to
such a degree that the rainy seasons could become tropical wet-dry (Hasiotis 2004). The
composition of the paleosol deposits change as the Morrison becomes drier to the west and to the
south (Demko et al. 2004). Groundwater and surface water were both likely runoff water
originating from mountains to the west outside of the Morrison depositional basin (Turner and
Peterson 2004). Perennial streams that originated from these mountains would have influenced
the grain composition of many Morrison deposits as a result. The presence of groundwater in
parts of the Morrison Formation would have allowed for a diverse mosaic of ecosystems that
would have supported a wide variety of plants and animals in spite of the potential seasonal
fluctuations of precipitation and surface water (Turner and Peterson 2004). This is supported by
the presence of several large, well-preserved fossil logs up to 11 meters long near Dinosaur
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National Monument which imply that the area supported large auraucariaceous forests during the
Late Jurassic (Gee et al. 2019).
4.2 Geology of Dinosaur National Monument’s Carnegie Quarry
The rock units at Dinosaur National Monument’s Carnegie Quarry dip about 67 degrees to the
south on its southern flank due to the uplift of the Split Mountain Anticline (Carpenter 2013).
Most dinosaur fossils have been found in the large Carnegie Quarry which lay within a similar
stratigraphic position to locality DNM-15. The statigraphic position of DNM-15 appears to be
slightly higher than the Carnegie Quarry at first glance, but it is very likely within the same
position since most of the Carnegie Quarry has been removed by excavation(Carpenter 2013).
Both dinosaur quarries are found within the Brushy Basin Member of the Morrison Formation,
which immediately overlies the Salt Wash Member. As the Morrison transitions from the Salt
Wash Member to the Brushy Basin Member, the amount of kaolinite decreases and the amount
of illite increases locally (Bilbey et al. 1974). Most of the Carnegie Quarry consists of poorly
sorted conglomeratic sandstones with cross bedding, indicating that fossils accumulated over 3-4
episodes of rapid fluvial deposition. Sedimentary structures indicate that coarse grained
sediments were transported by a large braided river system with measured paleoflow directions
heading towards the south-southeast direction (Carpenter 2013). Carpenter (2013) designated
this river system the “Quarry River”, and estimated its average flow velocity to be anywhere
from 0.4-0.5 m/s to1.4-1.6 m/s. The Carnegie Quarry itself is interpreted as a riverbed deposit
where the dinosaur remains where transported by way of fluvial processes (Carpenter 2013).

5. Results of the Sauropod Locality Analysis
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5.1 Field Observations of the Locality
Locality DNM-15 was observed to be on roughly the same stratigraphic level as the Carnegie
Quarry and would have likely been part of a similar channel system. The DNM-15 stratigraphic
position appears to be slightly higher than the Carnegie Quarry today, but the Carnegie Quarry
had a total height of about 14-16 meters excavated away in years prior (Carpenter 2013). The
locality is within a 60-90 meter radius of the Carnegie Quarry, but its exact location is otherwise
required to remain classified. Further information on the location of DNM-15 can be obtained
from Rebecca Hunt-Foster of Dinosaur National Monument if so desired. Sediment color and
texture vary at the site and some portions of the locality site were darker colored siltstone (Fig
25). Other areas of the outcrop were much coarser, and ranged from fine sand to very coarse and
poorly sorted conglomerate (Fig 26 and 27). These conglomerates had many clasts that varied in
size and degree of rounding, and they were similar to the conglomeritic sands observed in the
Carnegie Quarry. Any darker colored portions of the site where likely due to chemical
weathering, as outcrops more recently exposed by erosion had a much lighter coloration to it.
Unio clam bed fossils were also discovered at the site, and appeared to be mostly intact and
facing a uniform direction (the clam beds were unfortunately ex-situ) (Fig 28).
The portions of the locality that most resembled the matrix of the recovered sauropod jackets
were the lighter colored, medium to fine-grained sands. The lighter quartz grains were visible on
the surface, and were mixed in with darker colored lithics such as chert and large calcite crystals.
The matrix from the sauropod jackets was poorly lithified and cemented. The sandstone outcrops
also alternated between upward coarsening and fining. This makes sense for a site that is likely
in the same river system as the Carnegie Quarry, and would have been subject to fluctuating flow
velocities and several depositional episodes along its banks (Carpenter 2013). The preservational
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color of DNM-15 matrix was much lighter colored overall than the Carnegie Quarry matrix,
which was largely golden brown in color. This suggests that the two sites could have had slightly
different diagenetic histories, even if they were similar environments of deposition. Large
exposures of channel-fill cross bed deposits were observed at the site, with many large clocks of
these layers broken off from weathering (Fig 29).
5.2 Thin Section Analysis
5.2.1 Composition of the Locality Thin Sections
The grain counting between the two prepared thin slides revealed it to be classified as
litharenite sandstone (Fig 30). Both slides had large quantities of quartz, but Slide I had the most
quartz. The quartz and chert grains in these slides were easily recognized by their 45 degree
extinction angle as the slides were rotated. Under crossed polars, the quartz and chert grains
tended to range from white to yellowish-blue, though this was likely due to Slide I and Slide II
being 0.1 mm and 0.18 mm thick respectively and displaying higher birefringence colors as a
result. Slide II had the most lithics and clays. Lithics in these slides consisted of calcites, cherts,
and other assorted rock fragments likely brought in from mountains to the west (Turner and
Peterson 2004). No feldspar minerals were observed in the thin sections. Lithics were easily
recognizable from their high relief and darker colors under both regular and crossed-polar lights.
Clays were recognized by appearing opaque under both normal and crossed polar light. Clay
grains were rare in both slides, but appeared to be the main cement type holding the grains
together. This weak cement is probably what explains the poor lithification of the matrix as a
whole.
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The thin sections display trends and features that provide additional clues on the depositional
environment of DNM-15. One of the more compelling finds within the thin sections was angular
calcitic grains that appeared to be fragments of Unio shells (Fig 31). This would make sense, as
fully intact Unio beds were found at the sauropod locality site and have been observed elsewhere
at Dinosaur National Monument as well (Lawton 1977).
The changes in grain size and texture were also noticeable between the slides. In Slide I, the
grains were mostly small, angular to subrounded, and moderately well sorted. This was
consistent throughout most of the slide with the exception of a few larger lithics and possible
shell fragments (Fig 32). In Slide II, the grains exhibited changes in size from one corner to the
next. In one corner, the grains were smaller, moderately well-sorted, and composed primarily of
quartz grains. This is similar in appearance to Slide I, and was likely formed under the same
circumstances. The opposite corner of Slide II had much coarser, angular and poorly sorted
grains composed mainly of lithics with some quartz grains and larger clays (Fig 33). The changes
in grain size, texture, and composition taking place within this slide are common throughout
much of the sauropod site matrix.
5.2.2 Comparison of Locality Thin Sections to the Carnegie Quarry
In the Carpenter (2013) taphonomy study, thin sections of the Carnegie Quarry matrix were
composed mainly of fine, well-sorted quartz in finer-grained samples. In coarser thin sections,
the matrix was darker, poorly sorted, angular, and tended to be chert dominated with some
occasional lithics such as zircon (hence the darker color). The Carnegie Quarry outcrops were
described by Caprenter (2013) as having a “salt and pepper” appearance that alternated between
quartz and chert. This is very similar to how the sauropod locality’s matrix had a mixture of light
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and dark grains of varying sizes and roundedness, though much of the coarser, darker grains
from the sauropod locality appeared to consist of assorted lithics as opposed to primarily chert.
Acid tests on the Carnegie Quarry slides did not indicate a significant presence of calcium
carbonate. This means that most of the cement may have been composed of chalcedony or
kaolinite (Carpenter 2013). Hydrochloric acid tests on the sauropod locality matrix revealed
similar results to those of the Carnegie Quarry. It is likely then that calcium carbonate minerals
are lacking from the sauropod locality matrix as well, aside from some of the potential Unio shell
fragments observed.
5.3 Interpretation of the Environment of Deposition
Based on the observations presented, it can be inferred that the sauropod locality is likely a
river channel deposit. It is possible, though not determined, that the DNM-15 river channel have
flowed past the Carnegie Quarry’s riverbed deposit. This would explain why the Carnegie
Quarry has a far greater quantity of coarse-grained, conglomeritic sands, while the sauropod
locality higher quantity of finer-grained deposits. The fluctuations between coarser and fine
grains within the locality outcrop imply that the locality site would have experienced periods of
fluctuation in flow velocity and increased flooding. Finer grains would have deposited during
times of reduced flooding and reduced flow velocity. This is supported by sedimentological
evidence from the Carnegie Quarry which showed that stream flow could be periodically shallow
(Lawton 1977). Coarser grained sands, with their greater quantities of lithics originating from the
western mountain ranges, would have been deposited during times of increased water input and
flow velocity. The large deposits of channel fill cross-bedding observed around the locality site
are another hint that this locality was part of the same episodic depositional events as the
Carnegie Quarry itself.
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6 Taphonomy of Locality DNM-15
6.1 Sauropod Taphonomy
6.1.1 Apatosaurus Bone Orientation
Studying how the Late Jurassic paleofauna at Dinosaur National Monument ended up buried
the way it did is an important method in helping to piece together the paleoecology of the
Morrison Formation, and the sauropod locality is no exception to this. While the grid data for the
locality unfortunately appears to be unavailable, Dinosaur National Monument staff members
and an excavator of the original locality site (Dale Gray) were kind enough to provide detailed
verbal descriptions of the locality’s layout and original excavation in 1985.
The orientation of the sauropod bones was mostly similar to those of other sauropods present
at the Carnegie Quarry. Instead of facing the southeast stream flow direction, the tail from the
sauropod locality appeared to be striking west to east. The sauropods at Dinosaur National
Monument had a tendency to have the posterior portions of their bodies, such as their tails,
largely intact. Based on the disarticulation patterns of these sauropods, it is likely that many died
in an opisthotonic position (aka, the so-called “death pose”, when the neck and tail of dinosaurs
both curve backward) (Carpenter 2013). The DNM-15 sauropod appears to differ from these
Carnegie Quarry sauropods in this regard, as the caudal vertebrae of the DNM-15 sauropod were
arranged in a straight line with no apparent curve.
The attached femur of the DNM-15 Apatosaurus pivots upward above the ilium (Fig 34). The
Apatosaurus understudy had mostly intact and articulated caudal and sacral vertebrae that were
lying on their right side and facing south during excavation (Fig 35). The sacrum itself had a
femur still attached to it (Fig 34). The tail was so well articulated, that it had to be broken up into
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multiple jackets, with at least one of them still having the chevrons in life position (Fig 36 and
37). The anterior region of the Apatosaurus was mostly missing aside from some rib material,
and no skull was reported (Fig 37). This lack of skull material is fairly common for dinosaurs
found in the Carnegie Quarry. Another common feature of dinosaurs from Dinosaur National
Monument is their tendency to have articulated segments perpendicular to the flow direction (the
bones face west-east in this case), and for isolated bones to be parallel to current flow (southsoutheast) (Fig 35).
Articulated segments seemed to have higher transport potential due to the increased surface
area exposed to the river flow (Carpenter 2013). Individual sauropod bones on the other hand
may have had more difficulty in being transported. For example, an Apatosaurus femur was
calculated to be mostly stable in a river flow of about 0.5 m/s, but it could be moved at higher
velocities (Carpenter 2013). Taking the sedimentology and paleohydrology into account, it is
likely that none of the bones would have gotten very far, no more than a few hundred meters.
Based on the presence of both silt and clay intraclasts in both the Carnegie Quarry and DNM-15,
the sediment transport distance before deposition would have been anywhere between 10’s to
100’s of meters for both sites (Lawton 1977). The excellent fossil preservation quality for both
sites also implies a short bone transport distance.
It is also possible, based on the articulation of the bones and their likely subaerial exposure
prior to being buried, that some bones may have been transported by floating (Lawton 1977).
With these factors in mind, it is likely that the Apatosaurus at the locality site might not have
been transported more than a few hundred meters at most. The anterior elements of the
Apatosaurus could have floated away, seeing as they are completely absent from the locality. If
the anterior regions of the skeleton were preserved, then they may also have been lost to erosion.
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Should the associated theropod teeth indicate scavenging, then the missing bones may have also
been disarticulated and scattered by feeding carnivores. Overall, the Apatosaurus from this site
follows many of the other taphonomic trends established by the Carnegie Quarry sauropods.
6.1.2 Possible Cause of Apatosaurus Death
The exact cause of death for the Apatosaurus is unlikely to be determinable. However, some
inferences can be made about the Dinosaur National Monument burial sites and what they imply
about the dinosaurs’ demise. The Apatosaurus specimen appears to have been fairly large; with
just six of its articulated caudal vertebrae totaling about 1.2 meters in length and some of the
caudal vertebrae could have exceeded 70 cm in height. This, combined with the lack of any
major injuries, suggests that it was unlikely to have been brought down by a predator or even a
group of predators. Instead, the environmental conditions of the Late Jurassic may have been the
ultimate cause of death. Turner and Peterson (2004) inferred that the varying degrees of skeletal
articulation, the low transport of Unio shells, and the presence of insect borings into some
Carnegie Quarry bones were signs of a drought-induced mass mortality site at Dinosaur National
Monument. Lending further credence to this is that these dinosaurs would have been restricted to
the rivers of the Dinosaur National Monument region due to their lack of sweat glands (a
synapomorphy shared with all Archosaurs) (Carpenter 2013). Low-browsing large sauropods,
like Apatosaurus may have been dependent on more nutrient-rich plants like Equisetum that
grow in wet and moist soils (Howell et al. 2018). These moisture dependent plants may have
been in short supply during periods of low precipitation and a lack of surface water. Disease,
facilitated by the aforementioned deficiency in water and food, would have also been likely to
play a role in the deaths of many of these large sauropods. Excess anteroposterior bone growth
on the caudal ribs of the DNM-15 Apatosaurus could imply that the animal was elderly, and
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would have been especially vulnerable to drought stress as a result (Fig 38). With these factors in
mind, it is most parsimonious to infer that the Apatosaurus at the locality site was just another
victim of an extended drought and was buried as the rainy season returned.
6.2 Theropod Tooth Taphonomy
6.2.1 Transportability of the Teeth
The theropod teeth buried in close association with the Apatosaurus could suggest a number
of possibilities about this site. Jennings and Hasiotis (2006) hypothesize that Morrison theropod
teeth were found associated with sauropod remains due to scavenging behavior. Another
possibility to consider is that the teeth were merely transported by fluvial processes.
There were exactly three teeth found clustered together on top of the neural spine of the
Apatosaurus’ 5th caudal vertebra while in the field and one of these teeth was buried beneath one
of the same sauropod’s disarticulated ribs (Fig 39). Two of these teeth belonged to Allosaurus,
and the third and largest tooth that was buried beneath the rib belonged to a Ceratosaurus. At
least two other Allosaurus teeth were stated by Dale Gray to have been recovered from the
Apatosaurus’ ilium, but unfortunately, they were not located in the Dinosaur National Monument
collections. None of the recovered teeth had any roots on them, nor was any theropod skeletal
material found at the locality, so they were clearly shed.
It is important to know how isolated teeth behave in a fluvial setting. It has already been
established that the braided river system in and around the Carnegie Quarry was strong enough
to transport even the largest of sauropod bones. Peterson et al. (2014) performed fluvial transport
experiments on both Allosaurus and Camarasaurus cast teeth. Shed Allosaurus teeth traveled
about 35 cm at a flow velocity of 30-39.9 cm/s before settling. This surprising lack of distance is
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believed to have been due to the more elongate shape of theropod teeth preventing them from
travelling as far as the more compact sauropod teeth. Another factor to consider is that teeth are
denser than bone so they would not be able to cover as much ground as floating bones.
6.2.2 Possible Cause of Tooth Shedding and Preservation
One potential interpretation of the manner in which the theropod teeth where buried is that it
was a direct result of feeding behavior. Studies into the neck muscles of Allosaurus and
Ceratosaurus reveal some probable feeding techniques for these two carnivore genera.
Allosaurus had neck muscles with powerful ventroflexive kinematics that would be effective for
cutting flesh with the upper dentition (Snively and Russell 2007). The opisthocoely of the
cervical vertebrae were very strong, and its combination with a similar ball-and-socket atlantooccipital joint would have made the neck of Allosaurus very flexible and strong. These
morphological features would have given Allosaurus a “strike and tear/pull” feeding style that
placed heavy emphasis on use of its upper dentition (Snively and Russell 2007; Fig 40).
Ceratosaurus had elongated ziphodont teeth that were proportionally large even by the
standards of most theropods. Ceratosaurus was demonstrated by Rowe and Snively (2021) to
have a very high magnitude of von Mises stress distributed through its dentary and especially its
mandibular rami. Its large longissimus capitis profundus (l.c.p.) and rectus capitis ventralis
(r.c.v.) neck muscles acted on a modest in lever, facilitating high-geared, rapid strikes and a
“slice and rake” feeding (Fig 40). These cranial features would have emphasized the upper
dentitions ability to cut through flesh (Snively and Russell 2007).
Based on the described feeding adaptations of the two theropod genera, and the anatomy of
the teeth themselves indicating maxillary positions, it can be inferred that the theropod teeth at
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the site were shed during scavenging activity. Both theropod genera would have relied heavily
on their upper dentition to extract flesh. This would have made it likely for upper dentition teeth
to be shed during feeding due to the added stress. The lack of known pathologies on the
Apatosaurus bones could be explained by the theropods simply not reaching the bone during
scavenging.
One plausible interpretation of the tooth preservation process is that the theropods teeth got
stuck in sauropod muscle and tendon while attempting to slice through and were subsequently
shed. Becoming lodged into the Apatosaurus carcass would have made it easier for them to be
buried with the sauropod and subsequently overlain by one of the ribs. As the shed teeth of
theropods are capable of limited transport in fluvial systems, it is possible that the carnivores
were not actually feeding from the tail itself, but simply ended up there during the burial process.
Another interpretation is that theropod tooth marks left on the bones of other sauropod specimens
were made unintentionally, and that theropods would try to avoid contact with bone while
feeding. This is based on prior observations of sauropod bones with tooth marks, and the patterns
of the tooth marks themselves implying accidental contact between bone and teeth (Chure et al.
1998). After the Apatosaurus from the study site died, the scavengers would have prioritized
feeding on the anterior portions of the carcass, the pelvic region, and the limbs while the tail
would have seen less feeding activity.

7 Size Estimation Results From Shed Allosaurus Teeth
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It is apparent that the DNM-15 Allo 1 and 2 teeth are of a fairly standard size for Allosaurus,
especially when compared to other specimens found on Dinosaur National Monument land (Fig
41). The graph’s trend line showcases a high R2 value that testifies to the effectiveness of the
Acrocanthosaurus and Carcharodontosaurus data in this study.
7.1 DNM-15 Allo 1 Results
Each of the result tables contained a range of size values that are all valid potential sizes for
this DNM-15 Allosaurus. For the M6 regressions, the maximum skull length was 90 cm and the
minimum was 74 cm. The maximum body length obtained from the M6 plots was 8.3 m and the
minimum was 6.9 m (Table 1). The M8 equations yielded a maximum skull length of 88 cm and
a minimum of 72 cm. The maximum body length obtained from the M8 plots was 8.0 m and the
minimum was 6.6 m (Table 2). The M2/ M3 results show a maximum skull length of 81 cm and
a minimum of 67 cm. The maximum body length from the M2/M3 formulas was 7.5 m and the
minimum was 6.1 m (Table 3). Taking all of the calculated values, the average body length is 7.3
m and the average skull length is 79 cm.
7.2 DNM-15 Allo 2 Results
For the M12/ M9 regressions of known dinosaurs, the maximum skull length was 73 cm and
the minimum was 67 cm. The maximum body length obtained from the M6 plots was 6.6 m and
the minimum was 5.8 m (Table 4). The M14/ M11 calculations show a maximum skull length of
88 cm and a minimum of 84 cm. The body length calculations for M14/ M11 show a maximum
body length of 8.2 m and a minimum of 7.7 m (Table 5). When taking the averages of the body
and skull length values, the body length is 7.1 m and the average skull length is 78 cm. The
ranges of the skull and body length values for both DNM-15 Allo 1 and 2 overlap considerably,
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and they share similar average skull and body length values. These results suggest that DNM-15
Allo 1 and 2 may in fact have come from the same individual Allosaurus, or at least from two
similarly sized individuals.

8 Size Estimation Results From Shed Ceratosaurus Tooth
Just from the crown height vs. basal crown length graph alone, it is clear that the DNM-15
Cerato tooth came from an especially large individual (Fig 42). It has the longest basal crown of
all measured Ceratosaurus teeth by a considerable margin, and it also has one of the larger
recorded crown heights. Just to put into perspective how notable this is, the morphology of the
teeth themselves must be considered. In Ceratosaurus, the longest teeth in the mouth were
elongated with a distinctive “scimitar”-like curve to them. An excellent example of this would be
the tooth in maxillary position 5 (M5) from specimen MWC 1, which had the greatest crown
height overall. The maxillary teeth immediately adjacent to the “scimitar” teeth were shorter,
even when fully erupted, and had a morphology that was mostly straight with a sharp curve at the
end. The DNM-15 Cerato tooth has the latter morphology, yet it still had one of the larger crown
height values in this entire sample (Fig 2).
For the M8/ D7 regressions, the maximum skull length was 120 cm and the minimum was
100 cm. The maximum body length obtained from the M8/ D7 plots was 9.8 m and the minimum
was 8.5 m mm (Table 6). The M3 calculations show a maximum skull length of 130 cm and a
minimum of 84 cm. The maximum body length calculated from the M3 graphs was 10 m and the
minimum was 6.8 m. (Table 7). The averages from all the body and skull length graph results are
8.7 m for body length and 1 m for skull length. These values suggest that the DNM-15 Cerato
tooth may have come from the largest Ceratosaurus on record.

Page | 26

9 Discussion
Locality DNM-15 was likely in the same river system as the Carnegie Quarry, and would
have been subject to fluctuating flow velocities and several depositional episodes (Carpenter
2013). The paleoclimate evidence suggests that, while groundwater input would have been
relatively constant, Morrison outcrops located farther west such as the DNM-15 locality and the
Carnegie Quarry would have been formed under periodic drought conditions. This would have
placed considerable strain on the large herbivores. Fricke et al. (2011) used δ18Osf ratios from
Camarasaurus tooth enamel to outline potential migrations routes that large sauropods would
have taken to avoid the effects of drought. According to this study, herds of sauropods would
have migrated from lowland to upland environments. It is just as likely however, that many
sauropods such as the Apatosaurus from DNM-15 were too water dependent and possibly
malnourished to embark on such massive undertakings. These animals would have sought refuge
near river banks. Once the animals died, their remains would have been buried in sediment
transported by river water during the aftermath of the drought.
The Morrison Formation is well known for its variety of large predators, including
Allosaurus, Ceratosaurus, and Torvosaurus. Aside from DNM-15, other Morrsison Formation
fossil quarries such as the Carnegie Quarry, Cleveland-Lloyd and Mygatt-Moore also contain
both Allosaurus and Ceratosaurus remains, so they are known to have coexisted (Foster 2003). It
is a very likely that these three carnivores would have occupied different niches in order to avoid
competition. Bakker and Bir (2004) argued as much by pointing out that Allosaurus had a
compact body with long legs that would have facilitated fast movement through wide-open
floodplains. Ceratosaurus and Torovsaurus meanwhile, had proportionally shorter legs and long,
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sinuous bodies that would have made it easier for them to navigate dense forests (Bakker and Bir
2004). Bakker and Bir 2004 also suggest that Ceratosaurus in particular would have preferred to
hunt near rivers and streams. Yun (2019) corroborated this by highlighting the premaxilla teeth
of Ceratosaurus. In almost all Ceratosaurus specimens, the premaxillary teeth are conical in a
manner reminiscent of spinosaurids. This could have potentially facilitated piscivory.
Despite possibly occupying different niches, Allosaurus and Ceratosaurus would have been
likely to cross paths whenever a drought or any other catastrophe claimed the life of a large
sauropod. This is especially true for a fluvial deposit that could have been an intersection
between the possible environmental hunting grounds of these two large theropods. Another
possibility is that the two theropods from DNM-15 ventured out of their regular geographic
ranges in search of any plentiful sources of meat. The lack of carnivore fossilized remains apart
from teeth seems to imply that little serious interspecific conflict took place over the
Apatosaurus carcass. With such a large abundance of meat, it is almost certain that other
carnivores besides the ones found at DNM-15 would have flocked to the carcass, but they either
didn’t shed teeth while feeding, or were washed away in the river channel.
9.1 Allosaurus Size Estimation Assumptions
This method for estimating size is based on several key assumptions. It is assumed that the
tooth positions for shed Allosaurus tooth were chosen correctly, so adequate knowledge of
theropod tooth morphology is required. Full skeletal reconstructions, themselves based on prior
size estimations, were also taken at face value and incorporated into the regressions. Tooth and
body size data from D’Amore and Blumenschine (2011) were incorporated without personal
verification.
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9.2 Allosaurus Size Estimation Limitations
Using this method of size estimation required a number of limitations to be taken into
account. The first and most pressing was the low sample size. Only two complete Allosaurus
skulls could be utilized for this study, which is why other allosauroid genera had to be
incorporated. This can be reflected in the relatively low R2 values that could be seen in several of
the regression graphs. In future studies, the best way around this is would simply be to
incorporate more specimens. Faulty preparation also had to be taken into account. For example,
the DINO 2560 skull was stated by Rebecca Hunt-Foster to have had several of its teeth
potentially reattached to the wrong socket during preparation. This could potentially throw off
the data collection, but seeing as Allosaurus has maxillary teeth that are mostly uniform in
morphology until the posterior teeth are reached, this may not have had too great of an impact on
the results. Some specimens are preserved in such ways that prevent proper data collection as
well. This was an issue with DINO 11541, which was preserved intact with its jaws shut, so
tooth thicknesses could not be obtained. When attempting to do regressions based on tooth
thickness without data from DINO 11541, the results skewed too high. This is why there are no
thickness regressions present in the data sets. This is another problem that would have been
easily rectified with the incorporation of additional specimens.
9.3 Ceratosaurus Size Estimation Assumptions
The method used to estimate the size of the DNM-15 Ceratosaurus carries most of the same
assumptions as those of the Allosaurus. It was assumed here that the Ceratosaurus cast skeletons
that were based on partial remains were mostly accurate. It also assumes that tooth positions
from the skulls were chosen correctly, and that the morphology of the DNM-15 Cerato tooth was
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properly compared to the other specimens. One key assumption specific to the Ceratosaurus data
set, is that the ontogeny of Ceratosaurus does not feature drastic morphological differences
between juvenile and adult that would incorrectly skew the results. The only major
morphological difference between the TPI 1010 juvenile and the other Ceratosaurus specimens
is that the nasal crest in TPI 1010 was proportionally small and rudimentary due to its young age
(Fig 17 and 19).
9.4 Ceratosaurus Size Estimation Limitations
The same limitations that applied to the Allosaurus size estimation methods apply here as
well with some additional caveats. The sample size here is small as well, but this time it is
mainly due to the rarity of the genus itself. This means that for particularly rare and poorly
known genera, such as Torvosaurus, it will not be possible to do size estimations like this.
Unlike with Allosaurus, Ceratosaurus has no complete relatives that are comparable to it. The
most closely related theropods that are known from complete skulls and skeletons would be the
abelisaurs, which are also part of the Ceratosauria clade. Unlike with the allosauroids however,
Ceratosaurus and the abelisaurids exhibit completely different body proportions. Ceratosaurus
had a longer skull with highly elongated teeth, while abelisaurs had shorter anterior maxillary
regions with proportionally smaller teeth (Bonaparte 2009).

10 Conclusions
Based on the analysis of all available evidence, it is likely that the Apatosaurus from DNM15 died during a drought. The excess bone growth on the widened caudal ribs of this
Apatosaurus imply that it was an elderly individual, and would have been particularly vulnerable
to drought conditions as a result. Whether it was primarily of thirst, disease, or old age is
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unknown, but the environment of deposition at this locality does strongly imply a regional
setting that was prone to annual droughts. The association of the sauropod bones, as well as their
degree of articulation, suggests that the remains of the animal after death and decomposition
would probably not have travelled very far. Adding further support to this is the observation that
the Morrison Formation outcrops studied from the sauropod jacket thin sections and the site itself
were fine-grained and moderately well-sorted overall. These sedimentological factors seem to
indicate that the locality was exposed long enough to be scavenged before significant flooding
events took place.
The theropod teeth were probably present due to scavenging. Experiments have shown that
shed theropod teeth are less likely to travel long distances than more rounded and compact clasts
and sauropod teeth (Peterson et al. 2014). It is therefore likely that neither the Apatosaurus bones
nor the theropod teeth would have travelled far. The theropods’ shed teeth were likely all
maxillary teeth, and this was possibly due to feeding habits that put extra stress on the upper jaw
(Snively and Russell 2007).
The two Allosaurus teeth from locality DNM-15 possibly came from the same individual or
from two similarly sized individuals. Based on the averages taken from the calculations, a
plausible size estimate for this Allosaurus would have been approximately 7 meters long with a
skull just under 80 cm in length (Fig 43). These estimations would place the DNM-15 Allosaurus
in between DINO 11541, which was about 6 meters long, and DINO 2560, which was just over 8
meters long. The averages taken from the Ceratosaurus size estimations place it at about 8.7
meters in length with a skull about a meter long (Fig 43). This estimation would make the DNM15 Ceratosaurus the largest one on record. Despite both of these animals being very large
carnivores that possibly occupied different ecological niches most of the time, they would have
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been likely to cross paths where a large sauropod dinosaur perished. This is further supported by
sites such as the Carnegie, Cleveland-Lloyd, and Mygatt-Moore where the bones of these
theropods have been found together with large sauropods (Foster 2003). Studies into sites like
DNM-15 can potentially unveil clues into the life histories of the Morrison Formation fauna, and
can even divulge details of paleoecological interactions between these extinct animals. Like with
elephants and whales, the death of a sauropod was an ecologically crucial event that would have
provided nourishment to carnivores all over the region.
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Figures and Tables

Figure 1. Left: Top view of the Apatosaurus caudal vertebrae. Right: Bottom view of the
Apatosaurus caudal vertebrae.

Figure 2. Left: The Ceratosaurus found on top of one of the Apatosaurus caudal
vertebrae. Center and Right: The Allosaurus teeth found on top of one of the
Apatosaurus caudal vertebrae.
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Figure 3. Allosaurus skulls measured for this study. Left: Skull of Allosaurus fragilis
specimen DINO 2560. Right: Skull of Allosaurus jimmadseni specimen DINO 11541.
Both specimens excavated from, and in the collections of, Dinosaur National Monument.

Figure 4. Allosaurus cast skeletons measured for this study. Left: Reconstructed skeleton
of Allosaurus fragilis specimen DINO 2560. Right: Cast skeleton of Allosaurus
jimmadseni specimen DINO 11541. Both specimens mounted at the Carnegie Quarry
Exhbit Hall at Dinosaur National Monument.
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Figure 5. Left and Center: Maxillary teeth of DINO 2560 used for the DNM-15 Allo 1
Size Regression Charts. Right: Maxillary teeth of DINO 11541 used for the DNM-15
Allo 1 Size Regressions.

Figure 6. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) skull length regression plots for Maxillary tooth position 6. All
graph values are the natural logs taken from fossil data measured in mm.
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Figure 7. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) body length regression plots for Maxillary tooth position 6. All
graph values are the natural logs taken from fossil data measured in mm.

Figure 8. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) skull length regression plots for Maxillary tooth position 8. All
graph values are the natural logs taken from fossil data measured in mm.
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Figure 9. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) body length regression plots for Maxillary tooth position 8. All
graph values are the natural logs taken from fossil data measured in mm.

Figure 10. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) skull length regression plots for Maxillary tooth position 2 in
DINO 2560 and position 3 in all other specimens. All graph values are the natural logs
taken from fossil data measured in mm.
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Figure 11. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) body length regression plots for Maxillary tooth position 2 in
DINO 2560 and position 3 in all other specimens. All graph values are the natural logs
taken from fossil data measured in mm.

Figure 12. Left: Maxillary teeth of DINO 2560 used for the DNM-15 Allo 2 Size
Regression Charts. Right: Maxillary teeth of DINO 11541 used for the DNM-15 Allo 2
Size Regressions.

Page | 38

Figure 13. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) skull length regression plots for Maxillary tooth position 9 in
NCSM 14345 and position 12 in the other specimens. All graph values are the natural
logs taken from fossil data measured in mm.

Figure 14. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) body length regression plots for Maxillary tooth position 9 in
NCSM 14345 and position 12 in the other specimens. All graph values are the natural
logs taken from fossil data measured in mm.
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Figure 15. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) skull length regression plots for Maxillary tooth position 11 in
NCSM 14345 and position 14 in the other specimens. All graph values are the natural
logs taken from fossil data measured in mm.

Figure 16. Allosauroid (genera include Allosaurus, Acrocanthosaurus, and
Carcharodontosaurus) body length regression plots for Maxillary tooth position 11 in
NCSM 14345 and position 14 in the other specimens. All graph values are the natural
logs taken from fossil data measured in mm.
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Figure 17. Reassembled Ceratosaurus skulls measured for this study. Left: Skull of
juvenile Ceratosaurus nasicornis specimen TPI 1010 from the North American Museum
of Ancient Life. Right: Partial skull of Ceratosaurus “dentisulcatus” specimen UMNH
VP 5278 from the Natural History Museum of Utah.
.

Figure 18. Ceratosaurus skull casts measured for this study. Left: Skull cast of
Ceratosaurus “magnicornis” specimen MWC 1 from the Dinosaur Journey Museum,
Museums of Western Colorado. Right: Skull cast of Ceratosaurus nasicornis specimen
USNM 4735 from the Utah Field House of Natural History State Park Museum.
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Figure 19. Reconstructed Ceratosaurus skeletons measured for this study. Left: Cast
skeleton of juvenile Ceratosaurus nasicornis specimen TPI 1010. Specimen mounted at
the North American Museum of Ancient Life. Right: Cast skeleton of Ceratosaurus
“dentisulcatus” specimen UMNH VP 5278. Specimen mounted at the Natural History
Museum of Utah.

Figure 20. Top Left: Maxillary teeth of MWC 1 used for the DNM-15 Cerato Size
Regression Charts. Top Right: Maxillary teeth of USNM 4735 used for the DNM-15
Cerato Size Regressions. Bottom Left: Maxillary teeth of UMNH VP 5278 used for the
DNM-15 Cerato Size Regression Charts. Bottom Right: Maxillary and Dentary teeth of
TPI 1010 used for the DNM-15 Cerato Size Regressions. M8 was missing from TPI
1010, so Dentary position 7 was used as the closest morphological substitute.
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Figure 21. Ceratosaurus skull length regression plots for Dentary tooth position 7 in TPI
1010 and Maxillary position 8 in the other specimens. All graph values are the natural
logs taken from fossil data measured in mm.

Figure 22. Ceratosaurus body length regression plots for Dentary tooth position 7 in TPI
1010 and Maxillary position 8 in the other specimens. All graph values are the natural
logs taken from fossil data measured in mm.
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Figure 23. Ceratosaurus skull length regression plots for Maxillary position 3 in all
specimens. All graph values are the natural logs taken from fossil data measured in mm.

Figure 24. Ceratosaurus body length regression plots for Maxillary position 3 in all
specimens. All graph values are the natural logs taken from fossil data measured in mm.
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Figure 25. Locality outcrop showing the darker, finer sand/ silt deposits. Image facing
North

Figure 26. Locality outcrop showing the lighter fine sand deposits.
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Figure 27. Locality outcrop showing the lighter, coarse sand/ conglomerate deposits.

Figure 28. Unio clam bed observed at the locality site. It is ex-situ.
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Figure 29. A boulder featuring channel-fill cross bedding. It was broken off from
weathering.

Figure 30. Folk Classification Chart with the locality matrix indicated by the red dot.
Chart taken from Zahid and Barbeau 2011. The DNM-15 matrix is Litharentite.
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Figure 31. Top Row: Possible bivalve shell fragments from Slide I under normal (left)
and crossed-polars (right). Bottom Row: Possible bivalve shell fragments from Slide II
under normal (left) and crossed-polars (right). All images taken at 10x magnification.
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Figure 32. Top and Middle Rows: Slide I images composed mainly of fine quartz grains
under normal (left) and crossed-polars (right). Bottom Row: Slide I images composed
mainly of fine quartz grains with some larger lithic fragments under normal (left) and
crossed-polars (right). All mages taken at 4x magnification.
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Figure 33. Top and Middle Rows: Slide II images composed mainly of coarse, poorlysorted cherts and lithics under grains under normal (left) and crossed-polars (right).
Bottom Row: Slide II images composed mainly of of coarse, poorly-sorted cherts and
lithics with some very large, almost opaque clasts under normal (left) and crossed-polars
(right). All mages taken at 4x magnification.
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Figure 34. Top: Shot of the Apatosaurus sacrum with the femur still attached. Bottom:
The broken off tip of the attached femur.
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Figure 35. Photos of the excavation site in 1985. Top: Northwest facing view of the
Apatosaurus from the locality of interest in situ. Note how it appears to be striking West
to East instead of facing the southeast stream flow. Bottom: Southwest view of the
excavation team digging up the Apatosaurus tail. The caudal vertebrae being studied are
visible in the bottom left corner. Images scanned with permission from Rebecca HuntFoster of Dinosaur National Monument.
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Figure 36. The DNM-15 Apatosaurus articulated caudal vertebrae with chevrons
present. . Images scanned with permission from Rebecca Hunt-Foster of Dinosaur
National Monument.

Figure 37. The DNM-15 Apatosaurus sp. in situ position compared to the in situ position
of the CM 3018 Apatosauurs louisae specimen found in the Carnegie Quarry. Note how
both have largely intact and articulated caudal vertebrae, but the DNM-15 caudal
vertebrae were not deposited in a curved pose.
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Figure 38. Close up of some the DNM-15 Apatosaurus caudal ribs. The width of these
caudal ribs and the presence of excess bone growth where ligament attachments used to
be could indicate that this specimen was of advanced age. Red arrows indicate areas of
anteroposterior caudal rib expansion.

Figure 39. Dots showing the location of the theropod teeth during prep work. The green
dot shows the location of the Ceratosaurus tooth, and the blue dot shows the
approximate location of the two Allosaurus teeth. The red shadow shows the rough
position of the rib fragment when it was overlying the Ceratosaurus tooth.
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Figure 40. Top Row: Allosaurus “strike and tear/ pull” feeding technique. Bottom Row:
Ceratosaurus “slice and rake” feeding technique. Note how both feeding styles would
have facilitated shedding of maxillary teeth.

Figure 41. Length vs. Width plot of all Allosauroid teeth measured for this study. Most
are from Allosaurus, but NCSM 14345 is an Acrocanthosaurus and SGMDin-1 is a
Carcharodontosaurus. DNM-15 Allo 1 and Allo 2 are represented by yellow and orange
dots respectively, and they appear to be moderately sized by Allosaurus standards.
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DNM-15 Allo 1: M6
Tooth Dimensions (mm)
Tooth Dimensions (LN)
Skull Length (mm)
Body Length (mm)

Crown Height Regression Basal Crown Length Regression
46.60
18.30
3.842
2.907
898.9
739.0
8302
6905

Table 1. Skull and Body length estimation results based on the M6 regressions after
taking the natural log values of the DNM-15 Allo 1 tooth dimensions and plugging them
into the regression equations.

DNM-15 Allo 1: M8
Tooth Dimensions (mm)
Tooth Dimensions (LN)
Skull Length (mm)
Body Length (mm)

Crown Height Regression Basal Crown Length Regression
46.60
18.30
3.842
2.907
876.2
716.8
8059
6636

Table 2. Skull and Body length estimation results based on the M8 regressions after
taking the natural log values of the DNM-15 Allo 1 tooth dimensions and plugging them
into the regression equations.

DNM-15 Allo 1: M2 and M3
Tooth Dimensions (mm)
Tooth Dimensions (LN)
Skull Length (mm)
Body Length (mm)

Crown Height Regression Basal Crown Length Regression
46.60
18.30
3.842
2.907
814.0
666.1
7469
6124

Table 3. Skull and Body length estimation results based on the M2 and M3 regressions
after taking the natural log values of the DNM-15 Allo 1 tooth dimensions and plugging
them into the regression equations.

DNM-15 Allo 2: M12 and M9
Tooth Dimensions (mm)
Tooth Dimensions (LN)
Skull Length (mm)
Body Length (mm)

Crown Height Regression Basal Crown Length Regression
29.05
16.13
3.369
2.781
666.3
728.3
5824
6571

Table 4. Skull and Body length estimation results based on the M12 and M9 regressions
after taking the natural log values of the DNM-15 Allo 2 tooth dimensions and plugging
them into the regression equations.
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DNM-15 Allo 2: M14 and M11 Crown Height Regression Basal Crown Length Regression
Tooth Dimensions (mm)
29.05
16.13
Tooth Dimensions (LN)
3.369
2.781
Skull Length (mm)
837.9
878.7
Body Length (mm)
7690
8164
Table 5. Skull and Body length estimation results based on the M14 and M11
regressions after taking the natural log values of the DNM-15 Allo 2 tooth dimensions
and plugging them into the regression equations.

Figure 42. Length vs. Width plot of all Ceratosaurus teeth measured for this study. This
includes numerous individual shed teeth from the Dinosaur Journey Museum, Museums
of Western Colorado. DNM-15 Cerato is represented by the yellow dot. It is the widest
Ceratosaurus tooth by a considerable margin. It is also one of the longer teeth measured
overall, even when compared to the elongated “scimitar” teeth of other Ceratosaurus
specimens.

DNM-15 Cerato: M8 and D7
Tooth Dimensions (mm)
Tooth Dimensions (LN)
Skull Length (mm)
Body Length (mm)

Crown Height Regression Basal Crown Length Regression Basal Crown Width Regression
70.00
37.42
13.20
4.248
3.622
2.580
1021
1152
1010
8870
9779
8487

Table 6. Skull and Body length estimation results based on the M8 and D7 regressions
after taking the natural log values of the DNM-15 Cerato tooth dimensions and plugging
them into the regression equations.
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DNM-15 Cerato: M3
Tooth Dimensions (mm)
Tooth Dimensions (LN)
Skull Length (mm)
Body Length (mm)

Crown Height Regression Basal Crown Length Regression Basal Crown Width Regression
70.00
37.42
13.20
4.248
3.622
2.580
843.9
1302
944.6
6784
10488
7599
Table 7. Skull and Body length estimation results based on the M3 regressions after
taking the natural log values of the DNM-15 Cerato tooth dimensions and plugging them
into the regression equations.

Figure 43. Estimated body sizes of the DNM-15 Allosaurus and Ceratosaurus specimens
compared with a 1.8 meter tall human. The approximate sizes used in this figure are an
80 cm skull length with a 7 meter body length for the Allosaurus, and a 1 meter skull
length with a body length of 8.7 meters for the Ceratosaurus.
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Appendix (Measurements)
DNM-15 Allo 1
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
46.6
18.3
13.9

DNM-15 Allo 2
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
29.05
16.13
7.57

DNM-15 Cerato
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
70
37.42
13.2

DINO 2560
Skull Length (mm)

Max Skull Height (mm)
849

341
Lower Jaw Length (mm)
Max Lower Jaw Height (mm)
826
157
Total Cast Body Length (cm)
Cast Height at Hip (cm)
848.36
213
Left Maxillary
Tooth # (Front to Back)
1
2
8
10
11
12
13
14

Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
50.39
18.71 N/A
32.8 N/A
N/A
47.28
21.85 N/A
43.81
21.11 N/A
37.15
19.58 N/A
32.87
18.28 N/A
60.32
18.01
9.48
26.19
12.54
4.98
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Right Maxillary
Tooth # (Front to Back)
1
2
5
6
12

Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
41.25
18.12 N/A
38.76
20.59 N/A
51.82
20.63
8.45
47.59
21.82
8.48
21.57
17.98
11.2

DINO 11541
Skull Length (mm)

Max Skull Height (mm)
694

378

Estimated Body Length (cm)
600
Left Maxillary
Tooth # (Front to Back)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
40.21
16 N/A
40.87
16.05 N/A
43.58
20.19 N/A
21.88
15.59 N/A
44.63
18.83 N/A
30.82
15.92 N/A
44.3
20.45 N/A
36.28
17.49 N/A
45.99
19.14 N/A
37.73
17.04 N/A
41.65
19.65 N/A
32.2
15.73 N/A
30.65
13.92 N/A
27.47
13.67 N/A
8.82
9.27 N/A
19.09
11.55 N/A

NCSM 14345
Skull Length (mm) Body Length (cm)
1230
1150
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Maxillary Tooth # (Front to Back) Basal Crown Length (mm) Basal Crown Width (mm) Basal Crown Height
1
26.73
17.56
2
35.24
20.59
3
37.21
21.44
4
36.6
20.64
5
42.07
20.74
6
40.79
17.86
8
31.94
16.73
9
29.11
14.43
11
26.64
11.78
14
17.11
8.55
13
22.43
10.87

(mm)
62.03
78.80
90.30
86.73
91.96
82.22
66.51
54.83
39.35
24.81
33.70

SGMDin-1
Skull Length (mm) Body Length (cm)
1600
1328
Maxillary Tooth # (Front to Back) Basal Crown Length (mm) Basal Crown Width (mm) Basal Crown Height
3
41.46
15.15
5
41.04
14.88
6
41.17
14.88
8
39.91
14.49

(mm)
71.01
73.52
72.64
73.52

UMNH VP 5278
Cast Upper Jaw Length (mm) Cast Max Upper Jaw Height (mm)
975
365
Cast Lower Jaw Length (mm) Max Lower Jaw Height (mm)
101
126
Total Cast Body Length (cm) Cast Height at Hip (cm)
785
212
Left Maxillary Teeth
Tooth # (Front to Back) Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
1
75.99
24.53
14.24
3
69.99
29.96
12.28
5
88.01
33.36
14.39
6
38.64
23.96
9.17
8
63.18
27.69
11.21
9
20.6
16.98
6.74
10
51.87
22.43
10.08
12
9.74
9.63
4.8
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TPI 1010
Upper Jaw Length (mm)
Lower Jaw Length (mm)

Max Upper Jaw Height (mm)
608
203
Max Lower Jaw Height (mm)
510
100

Total Cast Body Length (cm) Cast Height at Hip (cm)
426
123
Left Maxillary Teeth
Tooth # (Front to Back) Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
1
48.31
16.63
6.65
2
50.2
20.73
5.63
3
66.42
20.81
7.66
4 (has root)
96.08
20.39
6.8
5
73.28
21.51
5.14
6 (has root)
75.52
15.44
6.63

USNM 4735
Upper Jaw Length (mm)
Lower Jaw Length (mm)

Max Upper Jaw Height (mm)
675
335
Max Lower Jaw Height (mm)
636
124.64

Estimated Body Length (cm)
569
Left Maxillary Teeth
Tooth # (Front to Back) Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
1
57.5
25.83 N/A
3
68.11
29.84 N/A
4
47.26
23.75 N/A
6
33.62
22.66 N/A
7
66.35
23.05
11.32
8
43.58
18.98 N/A
9
19.3
16.7 N/A
10
28.3
15.72 N/A
11
24.34
13.21 N/A
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MWC 1
Skull Length w/ premax (mm)

Max Skull Height (mm)
731
298
Skull Length w/out premax (mm)
710
Estimated Body Length (cm)
679
Left Maxillary Teeth
Tooth # (Front to Back) Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
1
59.88
23.87 N/A
2
54.67
23.68 N/A
3
74.18
28.86
13.63
4
78.96
28.07
11.76
5
96.2
28.9
13.92
6
65.13
30.78
10.2
7
12.86
27.49
9.09
8
57.89
27.81
10.38
9
17.92
27.37
9.33
10
29.15
19.4
8.8

Right Maxillary Teeth
Tooth # (Front to Back) Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
1
17.55
12.49 N/A
2
75.41
13.2 N/A
3
44.95
27.58 N/A
4
45.33
28.02 N/A
5
16.65
25 N/A
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MWC Isolated Cerato Teeth
cat#: 5823
cat#: unknown1
cat#: unknown2
cat#: 6976
cat#: 1136 18?
cat#: 569
cat#: 5464
cat#: 5967
cat#: 7316
cat#: 9751
cat#: 6811
cat#: 1136?

Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
70.55
32.28
13.99
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
79.97
30.75
17.36
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
95.76
33.14
13.05
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
39.03
18.9
14.7
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
74.74
24.37
9.7
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
39.06
22.24
13.78
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
53.05
28.02
10.44
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
25.29
20.64
13.66
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
33.25
18.53
6.25
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
31.13
16.96
8.75
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
61.12
25.71
10.22
Basal Crown Height (mm) Basal Crown Length (mm) Basal Crown Width (mm)
76.67
20.4
10.37
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